A system that selects for the gene directing synthesis of the enzyme adenine phosphoribosyltransferase (APRT) uses the antibiotic alanosine to prevent endogenous synthesis of adenylic acid. With the aid of this system, a new series of human-mouse hybrids has been prepared between wild type human diploid fibroblasts and an enzyme-deficient mouse line. Survival of the hybrids depended upon the presence of the APRT, which was shown to have the isoelectric pH characteristic of the human enzyme and not that of the mouse. Reduced hybrids containing the enzyme lacked all human biarmed chromosomes, so that unless a rearrangement had occurred, the aprt gene must be located on an acrocentric chromosome. The hybrid cells became APRT-with a frequency of 2 X 10-3, probably by loss of the human aprt chromosome. The APRT-progeny could be obtained selectively by growth in medium containing fluoroadenine.
Human-mouse hybrid cells eliminate human chromosomes on serial culture (1) , but in a suitably constituted hybrid (2) a chemical selective agent may make a human gene necessary for viability. The hybrid cells need therefore retain only a single human chromosome (3) or portion thereof (4) that bears the essential gene. Demonstration of this for the human thyridine kinase gene (3, 4) permitted an assignment of this gene to an E group chromosome (no. 17 or 18) .
In order to generalize such a method it is desirable to introduce an enzymatic deficiency into each of a number of mouse lines, make hybrids with human diploid cells, and reduce the complements of human chromosomes to single chromosomes (5) . We now describe a selective system for the enzyme adenine phosphoribosyl transferase (APRT) and the production of reduced mouse-human hybrids containing the human enzyme.
MATERIALS AND METHODS
The standard growth medium was that of Dulbecco and Vogt, equilibrated with 10% CO2-90% air.
Alanosine was donated by Dr Hybridization was carried out both with and without the aid of inactivated Sendai virus. Because the virus might induce chromosome abnormalities, hybrids made without it were studied more extensively, but all appeared to behave similarly.
A 10:1 mixture of the APRT-mouse 3T6-DF8 cells and human diploid fibroblasts was inoculated at high density into Petri dishes. When virus was used to assist hybridization, a concentration of 150 hemagglutination units/ml was added prior to inoculation (6) . After 46 hr in standard medium the mixed cultures were trypsinized and diluted to 5 X 104 cells per dish in AA medium (see below). 1-2 months later, colonies were isolated and transferred.
Separation of human and mouse adenine phosphoribosyltransferases
Exponentially growing cells were collected with the aid of EDTA, washed twice in cold phosphate-buffered saline, and resuspended in 10-2 M Tris (pH 7.4) containing 10-' M EDTA. The suspension was disintegrated ultrasonically for about 10 see and centrifuged for 1 hr at 20,000 rpm; the supernatant fraction was used as crude enzyme and was usually frozen immediately at -70oC and kept at this temperature. Isoelectric fractionation was carried out as described by Vesterberg and Svensson (7) require AMP, presumably since the 5'-nucleotidase had been separated from APRT. Assays were performed at 370C for 30 min and stopped by immersion in ice and the addition of EDTA to 10-2 M. A 25-,u aliquot of each reaction mixture was applied to a Whatman DE-81 (DEAE-cellulose) disc, which was then washed with 30 ml of 10-8 M ammonium formate (10) and 10 ml of absolute alcohol on a Millipore sampling manifold, and dried with an infrared lamp. Radioactivity was determined by liquid scintillation.
RESULTS
Evolution of an APRT-deficient mouse line free of biarmed chromosomes APRT-deficient lines have been prepared from wild type cells of different species by growth in the presence of the adenine analog 2,6-diaminopurine (11-13) or 2-fluoroadenine (14) . Those prepared from long-established mouse lines usually have many metacentric chromosomes, arising through rearrangement, and are thus not very suitable for hybridization with human cells. We therefore prepared an APRT-subline from the 3T6 line of mouse embryo fibroblasts (15) , which has only telocentric and acrocentric chromosomes. Wild type 3T6 cells were serially cultivated with increasing concentrations of 2,6-diaminopurine, beginning at 2.5 pg/ml, which was lethal to about half of the cells. About 2 X 104 cells were inoculated and transferred when confluent. Within 4 months the cells were resistant to 100 l g/ml, but as they could not be killed in the selective medium described below, they were then cultured in the presence of 2-fluoroadenine. The diaminopurine-resistant line was initially sensitive to 0.1 Ag/mi of fluoroadenine, but within 1 month became resistant to 25 pg/ml. The line was now killed in the selective medium described below. Of a number of subelones isolated, clone 8 appeared to be most efficiently killed and, like the original 3T6, contained no metacentric chromosomes. This line, designated 3T6-DF8, had insignificant APRT activity (Table 2 ) but a normal amount of adenosine kinase, and was used in all hybridizations to be described. The other parental cells were human diploid strains FA and WI-38, which were near the end of their culture life and grew quite slowly.
The selective system: AA medium The antibiotic alanosine has been shown to possess antitumor and antiviral activities (16) . Gale and co-workers (17, 18) showed that alanosine acts as an aspartate analog and prevents the formation of AMP from IMP, probably by inhibiting adenylosuccinate synthetase. Alanosine interfered to a lesser extent with formation of UMP by inhibiting aspartate transcarbamylase. The action of alanosine apppeared specific for reactions involving the condensation of aspartate with a carbon atom adjacent to a nitrogen. In the presence of alanosine, cells should be dependent upon AMP synthesized either from exogenous adenine via APRT, or from exogenous adenosine via adenosine kinase.
All of the wild type cultured cells we examined (mouse and human fibroblasts) were killed by alanosine at a concentration of 5 X 10-5 M, but the addition of adenine at an equal concentration (AA medium) permitted satisfactory growth of 3T6. Addition of uridine was unnecessary. There was no evidence that cells were killed, but the growth rate was a little slower than on standard medium (doubling time 22.7 hr instead of 18.4 hr). Human diploid cells also survived well in AA medium, but their growth rate was considerably slower than in standard medium. 3T6-DF8 (APRT-) was very efficiently killed in AA medium. Cell death began within 1 day, and was complete within a week, as long as the cell density was below 5 X 108/cm2. At higher density the effectiveness of the drug was reduced, presumably by feeding effects. The reversion rate to wild type was estimated by the frequency of colony formation in AA medium to be approximately 4 X 10-7.
The hybrids
The mouse parental line 3T6-DF8 contained about 59 acrocentric and telocentric chromosomes ( Table 1 ). The chromosomes of a representative metaphase are shown in Fig. 1A . The largest appears larger than any in the normal mouse complement and may be the result of a rearrangement. The chromosomes of the human parental diploid strains were typical and are not shown.
A number of independent hybrids were isolated from mixed cultures of 3T6-DF8 and human diploid fibroblasts (Table 1) . Six originated from cultures in which fusion was assisted by Sendai virus, and three from cultures without virus. The hybrids possessed an average of 3-14 biarmed chromosomes of human origin when first examined (about 20 generations after hybridization). Fig. 1B shows human biarmed chromosomes of groups A, B, C, E, and F in hybrid DF8-V3. Of the hybrids, only DF8-V3 and its subclone 3A possessed about the same number of mouse-type chromosomes as the parental 3T6-DF8. The others contained a mouse complement in the range of twice that number [a doubling of the mouse complement has been commonly observed in hybrids of 3T3 and human cells (19, 20) (Table 1) . On serial cultivation, about 80% of the cells of DF8-VSA1 and DF8-V3 were similarly reduced. Subclones of DF8-V3 were prepared, and DF8-V3A is such a metacentric-free clone (Fig. 1C) . All of the hybrid cultures were grown in the continuous presence of AA medium and therefore required APRT for survival. The relevance of biarmed human chromosomes for this function therefore became questionable. The following possibilities were considered:
(a) The mouse aprt gene had reverted to wild type in the hybrid, permitting elimination of the human chromosome bearing the homologous gene without loss of viability.
(b) The human aprt gene is located on an acrocentric chromosome, which cannot be distinguished from the mouse acrocentrics.
(c) There had taken place a rearrangement of a human biarmed chromosome bearing the aprt gene, as has been reported to occur for the human thymidine kinase gene [(4); see also (25) ].
In order to examine the first possibility, it was necessary to characterize the APRT present in hybrid cells.
Nature of the Aprt in hybrid cells
Extracts of two hybrid lines, DF8-V3A and DF8-W2, were found to have APRT of specific activity not much lower than that of the human cell WI-38 ( Table 2) . Extracts of mouse, human, and hybrid cells were subjected to isoelectric focusing and the isolelectric pH of the Aprt was determined. Extracts of 3T6 generally gave a well-defined distribution of activity, with a peak at pH 5.5 (Fig. 2) , but occasionally gave a broader peak displaced toward the alkaline region. The cause of this behavior was not identified, but no mouse enzyme ever appeared in the region below pH 5. The human and hybrid cell enzymes always behaved as shown in Fig. 2 . The isolelectric pH of the enzyme of the human diploid fibroblast was 4.48 0.14 (range) while that of the enzyme of the reduced hybrid (4) , rearrangement of human chromosomes must occur to some extent in human-mouse hybrids over the course of long-term serial cultivation (4), and it has been suggested (23) that a human metacentric may separate at the centromere into two telocentrics. To be consistent with our results, such a process would have to occur very frequently in the aprt chromosome, if this chromosome were really a metacentric. Perhaps this possibility can be eliminated by applying the method of Pardue and Gall for discriminating between human and mouse chromosomes (24, 26) .
Reduced hybrids of the class described here may now be examined for genes linked to the aprt chromosome. The presence of a human gene product in DF8-V3A and its absence from the APRT-DF8-V3A-FA will permit an unambiguous assignment of the gene to the aprt chromosome.
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